The extent of remyelination in multiple sclerosis lesions is often incomplete. Injury to oligodendrocyte progenitor cells can be a contributing factor for such incomplete remyelination. The precise mechanisms underlying insufficient repair remain to be defined, but oxidative stress appears to be involved. Here, we used immortalized oligodendrocyte cell lines as model systems to investigate a causal relation of oxidative stress and endoplasmic reticulum stress signaling cascades. OLN93 and OliNeu cells were subjected to chemical hypoxia by blocking the respiratory chain at various levels. Mitochondrial membrane potential and oxidative stress levels were quantified by flow cytometry. Endoplasmic reticulum stress was monitored by the expression induction of activating transcription factor 3 and 4 (Atf3, Atf4), DNA damage-inducible transcript 3 protein (Ddit3), and glucose-regulated protein 94. Lentiviral silencing of nuclear factor (erythroid-derived 2)-like 2 or kelch-like ECHassociated protein 1 was applied to study the relevance of NRF2 for endoplasmic reticulum stress responses. We demonstrate that inhibition of the respiratory chain induces oxidative stress in cultured oligodendrocytes which is paralleled by the expression induction of distinct mediators of the endoplasmic reticulum stress response, namely Atf3, Atf4, and Ddit3. Atf3 and Ddit3 expression induction is potentiated in kelch-like ECH-associated protein 1-deficient cells and absent in cells lacking the oxidative stress-related transcription factor NRF2. This study provides strong evidence that oxidative stress in oligodendrocytes activates endoplasmic reticulum
stress response in a NRF2-dependent manner and, in consequence, might regulate oligodendrocyte degeneration in multiple sclerosis and other neurological disorders.
Keywords: chemical hypoxia, ISR, multiple sclerosis, Nrf2, oligodendrocytes. J. Neurochem. (2018) 144, 285--301. Oligodendrocytes are the myelinating cells of the central nervous system (CNS). They have to undergo a complex program of proliferation, migration, differentiation, and myelination to finally produce the axonal myelin sheaths. Because of this complex differentiation program and their unique metabolism/physiology, oligodendrocytes represent a vulnerable cell population within the CNS. Disturbance of oligodendrocyte development and maintenance is associated with major diseases of the CNS including multiple sclerosis (MS) (Barnett and Prineas 2004; Prineas and Parratt 2012; Kipp et al. 2017) , stroke (Pantoni et al. 1996; Fern et al. 2014) , spinal cord injury (Li et al. 1999) , schizophrenia (Vostrikov et al. 2008) , and bipolar psychiatric disorders (Uranova et al. 2001) . Underlying mechanisms causing oligodendrocyte damage are manifold including hypoxia (Scheuer et al. 2015) , inflammation (di Penta et al. 2013; Rosenzweig and Carmichael 2013) , glutamate excitotoxicity (Pitt et al. 2000; Matute et al. 2007) , and oxidative stress (Haider et al. 2011; di Penta et al. 2013; Rosenzweig and Carmichael 2013; Liu et al. 2014) . Of note, in MS which is the best studied disease related to oligodendrocyte pathology, mature oligodendrocytes (Prineas and Parratt 2012) as well as oligodendrocyte progenitor cells (Cui et al. 2013) show increased cell death. Preservation of both cell entities is still an unmet medical need.
Remyelination is one of the best documented and most robust examples of tissue repair in the CNS. Although in the adult brain, the regeneration of destroyed neurons is very limited, lost myelin sheaths can principally very effectively be repaired. On the cellular levels, steps involved in remyelination include the activation and proliferation of oligodendrocyte progenitor cells (OPCs), the migration of these OPCs toward the demyelinated axon, and the interaction of OPCs with the axon, which culminates in OPC differentiation and finally remyelination. The beneficial effects of remyelination are well known and include the restoration of axonal conduction properties that are lost following demyelination (Honmou et al. 1996) as well as axonal protection (Funfschilling et al. 2012; Moore et al. 2013; Schampel et al. 2017) . For reasons that are not well understood, remyelination is incomplete in most of MS patients (Patrikios et al. 2006) , and remyelination efficacy decreases with age (Sim et al. 2002) . Because of the believed neuroprotective effect of remyelination (Patrikios et al. 2006; Bramow et al. 2010; Bruce et al. 2010) , new therapeutic strategies aimed at promoting remyelination are currently intensively tested. Although it has been shown that the impairment of both, OPC recruitment and differentiation, might be attributable to the failure of remyelination in MS patients and its animal models (Chang et al. 2000 (Chang et al. , 2002 Sim et al. 2002) , OPC death during the remyelination process has been suggested to contribute to remyelination failure (Natarajan et al. 2013; Simonishvili et al. 2013; Maus et al. 2015; Moore et al. 2015; Dincman et al. 2016) . Since successful remyelination within the injured CNS is largely dependent on the survival of OPCs, a better understanding of pathways involved during OPC injury is urgently needed.
A groundbreaking study that was published more than two decades ago highlighted the existence of an adaptive pathway in mammalian cells that controls response to protein folding stress through the transcriptional activation of genes coding for essential endoplasmic reticulum (ER) chaperones (Kozutsumi et al. 1988 ). This adaptive response was termed unfolded protein response (UPR). In consequence, the UPR has been associated with the maintenance of cellular homeostasis in specialized secretory cells, including plasmocytes, hepatocytes, and pancreatic b-cells in which the secretory protein folding burden constitutes a constant source of stress. Classically, UPR is initiated by three ER transmembrane proteins: inositol requiring 1, protein kinase RNA-like endoplasmic reticulum kinase (PERK), and activating transcription factor 6. The focal point of UPR induction is the phosphorylation of eukaryotic initiation factor 2 alpha (eIF2a), diminishing global translation while selectively up-regulating the translation of chaperones such as glucose-regulated protein 94 (Grp94) (Liu and Li 2008) and other cytoprotective proteins. If cell stress persists, DDIT3 (Rutkowski et al. 2006; Puthalakath et al. 2007 ) and other components of the UPR such as ATF3 (Edagawa et al. 2014) can mediate apoptosis.
Cellular responses controlled by the UPR signaling branches are not solely restricted to protein folding stress. Especially activation of the PERK signaling pathway can occur in response to a range of physiological changes and pathological conditions, including amino acid deprivation, glucose deprivation, or hypoxia (Pakos-Zebrucka et al. 2016) , and was therefore termed integrated stress response (ISR). The common point of convergence for all the stress stimuli that activate the ISR is the phosphorylation of eIF2a on serine 51.
Several studies support the view that, for example, oxidative stress has a strong connection with the ISR. In support of this assumption, it has been demonstrated that redox homeostasis is crucial for the protein folding process and disulfide bond formation within the ER (van der Vlies et al. 2003) . Furthermore, exogenous oxidants such as reactive oxygen species (ROS) producers, peroxides, metal ions, and lipid oxidation products may activate ISR branches (reviewed in (Cao and Kaufman 2014; Santos et al. 2009) ). Finally, it has been shown that Ddit3 deletion protects cells partially by changing redox conditions within the ER (Marciniak et al. 2004) . To what extent such an oxidative-ISR crosstalk exists in oligodendrocytes is not well understood.
Oxidative stress plays a major role in the pathogenesis of neurodegenerative and neuroinflammatory disorders among MS (Witte et al. 2014; Ohl et al. 2016) . Oxidative stress arises when the production of ROS overwhelms the intrinsic antioxidant defense machinery. Principally, ROS play important roles as second messengers in many intracellular signaling cascades aimed at maintaining cellular homeostasis. At higher levels, ROS can cause indiscriminate damage to biological molecules leading to loss of function and even cell death. Thus, oxidative stress reflects an imbalance between the systemic manifestation of ROS and the ability of biological system to readily detoxify the reactive intermediates or to repair the resulting damage (Ohl et al. 2016) . All cells are equipped with an intrinsic mechanism that neutralizes excess ROS and protects against oxidative injury. This so-called oxidative stress response is mainly, but not exclusively, controlled by the transcription factor nuclear factor (erythroid-derived 2)-like 2 (NRF2). Under quiescent conditions, NRF2 is retained and degraded in the cytosol by Kelch ECH-associated protein 1 (KEAP1). If oxidative stress is present within a cell, NRF2 is released from KEAP1 and translocates into the nucleus where it binds to the antioxidant response element (ARE), thereby activating the transcription of antioxidant and detoxifying enzymes Wakabayashi et al. 2003; Draheim et al. 2016) .
In this work, we show that key elements of an ISR, namely Atf3, Atf4, and Ddit3, are induced in OPCs through experimental ISR induction and, equally, by inhibition of respiratory chain activity (i.e., chemical hypoxia), which is paralleled by ROS accumulation. Furthermore, ATF3 and DDIT3 are expressed in OPCs in the in vivo remyelination model cuprizone. Induction of Atf3, Atf4, and Ddit3 expression by mitochondrial chain inhibitors occurred despite the absence of chaperone induction (i.e., Grp94). Hyperactivation of NRF2-signaling by Keap1 knockdown boosted ISR induction, whereas blocking of the oxidative stress response by Nrf2 knockdown prevented ISR induction in cultured oligodendrocytes. These results illustrate a functional crosstalk between the NRF2/ARE and ISR pathways in OPCs.
Material and methods

OLN93 cell culture and treatment
We received cells of the oligodendroglial linage cell line OLN93 from Dr C. Richter-Landsberg (RRID:CVCL_5850; Oldenburg, Germany) (Richter-Landsberg and Heinrich 1996) Table 1 .
To analyze whether blocking of mitochondrial respiratory chain activity induces ISR activation, the following toxins were applied: rotenone (complex-I inhibitor; diluted in dimethyl sulfoxide; obtained from Sigma-Aldrich, order numb. R8875), antimycin (complex-III inhibitor; diluted in ethanol; obtained from SigmaAldrich, order numb. A8674), sodium azide (complex-IV inhibitor; diluted in H 2 O; obtained from Sigma-Aldrich, order numb. S2002), and oligomycin (ATPase inhibitor; diluted in ethanol; obtained from Sigma-Aldrich, order numb. 75351). Mitochondrial chain inhibitors were dissolved according to the manufacturer's instructions in ultrapure water (obtained from Invitrogen, Carlsbad, CA, USA, order numb. 10977-035), ethanol (obtained from Sigma-Aldrich, order numb. 34923), or dimethyl sulfoxide (obtained from Sigma-Aldrich, order numb. D2438). Tunicamycin (diluted in ethanol; obtained from Sigma-Aldrich, order numb. T7765) which inhibits protein N-glycosylation was used to stimulate ISR activation. All toxins were prepared as stock solutions and properly stored, except sodium azide, which was always prepared freshly. Concentrations used for experiments are shown in the respective figure legends. No randomization was performed during cell treatment.
Primary oligodendrocyte cell culture Primary rat oligodendrocyte cultures were established as published previously (Clarner et al. 2011) . To verify that ISR induction is not an artifact in oligodendrocyte cell lines, primary rat oligodendrocyte cultures were treated with sodium azide (10 mM) or tunicamycin (25 lg/mL) for 24 h, and Atf3 and Ddit3 mRNA expression levels were determined by RT rt-PCR.
Cell viability assays
Lactate dehydrogenase (LDH) release was determined using the CytoTox 96 non-radioactive cytotoxicity assay (Promega, Germany, order numb. G1780) according to the manufacturer's instructions. Three wells per experiment were treated for 1 h with a lysis solution containing Triton X-100 to obtain maximum LDH release. Results are given as percentage LDH release related to maximum LDH release (i.e., Triton X-100 application). Metabolic activity was determined using the CellTiter-Blue cell viability assay (Promega, order numb. G8080). Treatment with lysis solution served as negative control. The average of fluorescence intensity of Triton X-100-treated cells was subtracted from fluorescence values obtained from cultured cells. Interference of Triton X-100 with fluorescence signals was excluded. Data are given in % of control absorbance values. No blinding was performed for the evaluation of these data. Experiments were performed with at least five biological and three technical replicates.
Gene expression analyses
For gene expression analyses, cells were treated for 24 h in modified SATO medium (see Table 1 ). Gene expression levels were measured using the reverse transcription real time-PCR technology (RT rt-PCR; Bio-Rad, Munich, Germany), SensiMix Plus SYBR plus Fluorescein (Quantace, Bioline, Luckenwalde, Germany, order numb. QT615-05), and a standardized protocol as described previously by our group. Experiments were performed with at least four biological and three technical replicates. Primer sequences and individual annealing temperatures are shown in Table 2 . Relative quantification was performed using the DDCt method which results in ratios between target genes and the housekeeping reference gene cyclophilin A. Stable expression of this housekeeping gene under the shown experimental conditions was verified in pilot experiments. Melting curves and gel electrophoresis of the PCR products were routinely performed to determine the specificity of the PCR reaction (data not shown). No blinding was performed for the evaluation of these data.
For kinetic studies in OLN93 cells, cultures were treated for up to 24 h with sodium azide. Since no difference was observed for Atf3 
Western blotting analyses
After treatment with thapsigargin (1 h; 300 nM), tunicamycin (2 h; 50 lg/mL), or sodium azide (2 h; 100 mM), OLN93 cells were rinsed with sterile phosphate-buffered saline (PBS) and lysed with ice-cold RIPA buffer (New England BioLabs, USA, order numb. 9806S) containing protease-inhibitor (New England BioLabs, order numb. 5871S) and phosphatase-inhibitor (New England BioLabs, order numb. 5870S). The protein concentration of each sample was semi-quantified using bovine serum albumin (BSA) as an internal standard (Thermo Fisher Scientific, München, Germany, order numb. 23209). Twenty microgram of protein were denatured in Laemmli buffer containing sodium dodecyl sulfate (pH = 6.8) and NuPage sample reducing agent (Thermo Fisher Scientific, order numb. NP0004). Proteins were separated in a 8-14% SDS-Page and transferred to nitrocellulose membranes. Blots were blocked in 5% BSA (Cell Signaling Technology, Beverly, MA, USA, order numb. 9998) in Tris-buffered saline (TBS) and after a rinsing step, incubated overnight (4°C) in primary antibodies directed against PERK (1 : 1000; Cell signaling, order numb. 3192, RRID: AB_2095847), phospho-PERK (1 : 1000; Cell signaling, order numb. 3179, RRID:AB_2095853), ATF4 (1 : 1000; Cell signaling, order numb. 11815, RRID:AB_2616025), eIF2a (1 : 1000; Cell signaling, order numb. 9722, RRID:AB_2230924), phospho-eIF2a (1 : 1000; Cell signaling, order numb. 9721, RRID:AB_330951), bTubulin (1 : 1000; Cell signaling, order numb. 2146, RRID: AB_2210545), or NRF2 (1 : 1000; Gentex, Irvine, CA, USA, order numb. GTX103322, RRID:AB_1950993) diluted in 5% BSA in TBS-Tween (TBST). Membranes were washed three times in TBST, followed by incubation in horseradish peroxidase-conjugated secondary anti-rabbit antibodies (1 : 1000; Cell signaling, order numb. 7074, RRID:AB_2099233), diluted in 5% BSA in TBST for 2 h at 19°C. After rinsing in TBST (three times), the signal was detected via chemiluminescence (SignalFire TM ECL Reagent; Cell signaling, order numb. 6883), and visualized with the FluorchemE (ProteinSimple; San Jose, CA, USA). Because of the shortened treatment interval, higher toxin concentrations were used (see respective figures).
Measurement of oxidative stress and mitochondrial membrane potential levels
Oxidative stress levels were quantified using the Muse TM Oxidative Stress Kit (Merck, Germany, order numb. MCH100111) together with the benchtop flow cytometry device Muse Cell Analyzer (Merck, Germany). Mitochondrial membrane potential was quantified using the Muse TM MitoPotential Kit (Merck, Germany, order numb. MCH100110). To this end, cells were seeded onto 1.9 (~5 9 10 4 cells; oxidative stress levels) or 9.6 cm 2 (~5 9 10 5 cells; membrane potential levels) plastic culture dishes pre-coated with 10 lg/mL poly-D-lysin in modified SATO medium. After 47 h, cells were exposed to the different respiratory chain inhibitors or tunicamycin for another 60 min and then harvested using TrypLE TM (Thermo Fisher Scientific, München, Germany) Express enzyme solution (Gibco Life Technologies, order numb. 12604039). Thereafter, cells were stained and flow cytometry analyses were performed according to the manufacturer 0 s instruction. To avoid any bias, gating of the different cell populations was performed in a blinded manner. Experiments were performed with three biological and one technical replicate. Because of the shortened treatment interval, higher toxin concentrations were used (see respective figures).
In vivo experiments Cuprizone-induced demyelination was performed as published previously by our group (Slowik et al. 2015; Draheim et al. 2016) . In brief, 0.25 g cuprizone was weighed using precision scales and mechanically mixed with 100 g ground standard rodent chow using a commercial available kitchen machine (Kult X, WMF Group, Geislingen an der Steige, Germany). ) in a manner that each group consisted of mice with comparable weight. Then, we picked cards numbered either 1 or 2 for the respective experimental group (1 = control, 2 = 5 weeks cuprizone). The number on the picked card randomly assigned the cages to the respective group.
Animals were kept under standard laboratory conditions (12 h light/ dark cycle, controlled temperature 23 AE 2°C and 55% AE 10% humidity) with access to food and water ad libitum. It was ensured that researchers and technicians did not use any light during the night cycle period. Nestlets were used for environmental enrichment.
The following exclusion criteria were applied: severe weight loss (> 10% within 24 h), severe behavioral deficits (decreased locomotion, convulsions, stupor), or infections. No single animal met the exclusion criteria during the study.
For histological and immunohistochemical studies, mice were deeply anesthetized with ketamine (100 mg/kg i.p.) and xylazine (10 mg/kg i.p.) and transcardially perfused with ice-cold PBS followed by a 3.7% paraformaldehyde solution (pH 7.4). We did choose ketamine and xylazine because this combination provides an appropriate depth of anesthesia and analgesia without affecting important study parameters. No additional medication was given during experiments. We kept the number of animals used to a minimum. To this end, the in vivo material used during this study is currently used for other studies, and will be available for other research groups upon request to the authors. Brains were post-fixed overnight in paraformaldehyde, dissected, embedded in paraffin, and then coronal sections (5 lm) were cut. For immunohistochemistry, sections were rehydrated and, if necessary, antigens were unmasked with Tris/EDTA buffer (pH 9.0) or citrate (pH 6.0) heating. After washing in PBS, sections were incubated overnight (4°C) with antiproteolipid protein antibodies to detect myelin [(PLP) 1 : 5000; BioRad Laboratories, Hercules, CA, USA/AbD Serotec order numb. 
Cell transfection experiments
The murine oligodendroglial cell line OliNeu (RRID:CVCL IZ82) was cultured in SATO medium containing 2% FBS. SATO is composed of DMEM with 1% bovine serum albumin (BSA, Carl ROTH, order numb. CP84.2), 1% N2 supplement (Gibco Life Technologies, order numb. 17502-048), 1% penicillin/streptomycin (Gibco Life Technologies, order numb. 15140-122), 0.1% N-acetylcystein (Sigma-Aldrich, order numb. A9165), and 0.002% biotin (Sigma-Aldrich, order numb. B4639). Cell lines were not authenticated prior to experiments.
Nrf2 and Keap1 gene expression were silenced by lentiviral shRNA delivery. For that purpose, we used commercially available pLKO.1 vectors encoding shRNA sequences for either Nrf2 (TRC clone ID: TRCN0000054659) or Keap1 (TRC clone ID: TRCN0000099447). These vectors are part of the MISSION â (Sigma-Aldrich, Taufkirchen, Germany) shRNA contingent distributed by Sigma-Aldrich (Munich, Germany). For virus production, HEK 293T cells (ATCC â CRL-11268 TM ) were co-transfected with the shRNA expression vector pLKO.1, the VSV-G envelope expressing pMD2.G construct (addgene, order numb. 12259) and the second generation lentiviral packaging plasmid psPAX2 (addgene, order numb. 12260). Transfection was conducted using jetPEI â (Polypus Transfection TM , order numb. 101) transfection reagent according to the manufacturer 0 s instruction. For transduction, cells were plated on poly-D-lysin-coated culture dishes in SATO supplemented with 2% FBS. The cells were exposed to the virus containing supernatant for 24 h. After 72 h, puromycin (Carl ROTH, order numb. 0240.1) was constantly supplemented to the medium at a concentration of 2 lg/mL to assure a sufficient selection of transduced cells. Control cells were transduced with a pLKO.1 construct expressing a shRNA without any target in mammals (pLKO.1-shNonTarget) to avoid data misinterpretation based on transduction side effects. Transfection efficacy was tested by analyzing Nrf2 and Keap1 mRNA expression levels by RT rt-PCR, as described above. Primer sequences and individual annealing temperatures are shown in Table 2 . Beyond, NRF2 protein levels were determined by western blotting analyses as described above.
Statistical analyses
Statistical analyses were performed using Prism 5 (GraphPad Software Inc., San Diego, CA, USA). If not stated otherwise, at least two independent experiments were performed. All data are given as arithmetic means AE SEMs. A p value of ≤ 0.05 was considered to be statistically significant. Applied statistical tests are given in the respective figure legends. No outliers were excluded from the analyses. No sample size calculation was performed.
Results
Inhibition of the respiratory chain in cultured oligodendrocytes induces cell death In a first set of experiments, we have exposed the oligodendrocyte cell line OLN93 to different concentrations of respiratory chain inhibitors to receive information about their cell toxicity, and to select toxin concentrations which do not result in cell death during the exposure period, but might be high enough to cause chemical hypoxia-induced oligodendrocyte stress. Viability of OLN93 cells was determined by analysis of LDH release into the cell culture supernatant and by measuring the metabolic activity in the same wells.
As shown in Fig. 1 , the application of all four inhibitors increased LDH release and decreased metabolic activity in higher concentrations, both indicating significant cell death. Concentrations exceeding 1 lM rotenone (Fig. 1a) , 10 lM antimycin (Fig. 1b) , 1 mM sodium azide (Fig. 1c) , or 10 lM oligomycin (Fig. 1d ) significantly reduced OLN93 metabolic activity, indicating an impaired cell metabolism at these concentrations.
Inhibition of the respiratory chain in cultured oligodendrocytes induces expression of ISR mediators
Next, we wanted to know whether inhibition of the respiratory chain in oligodendrocytes induces the activation of an ISR. To test for this, the respiratory chain was blocked at various levels, and the mRNA expression of four distinct ISR-related factors (i.e., Atf4, Atf3, Ddit3, and Grp94) was analyzed by RT rt-PCR. Based on our cell viability studies, the following toxin concentrations were applied: rotenone (1 lM), antimycin (10 lM), sodium azide (10 mM), and oligomycin (10 lM) (see arrows in Fig. 1 ). Furthermore, cells were treated with tunicamycin (50 lg/mL), which inhibits the formation of N-glycosidic linkages in glycoprotein synthesis and thus induces an ISR (Gill et al. 2002) . Since no significant difference of gene expression levels could be detected between control or vehicle-treated cultures (i.e., ethanol or dimethyl sulfoxide), values we pooled and statistically compared versus treatment groups. As shown in Fig. 2a , Atf4 mRNA expression was induced by all four respiratory chain inhibitors (rotenone +295 AE 29%; antimycin +563 AE 51%; sodium azide +381 AE 11%; oligomycin +491 AE 15%). The magnitudes of Atf4 mRNA expression induction were comparable to the effects of tunicamycin (+774 AE 13%). Atf3 mRNA expression was significantly induced by rotenone (+622 AE 45%), antimycin (+1852 AE 331%), sodium azide (+463 AE 15%), and oligomycin (+29823 AE 4636%). Atf3 mRNA expression induction was as well pronounced in tunicamycin-treated cultures (+7741 AE 387%), but less intense compared to oligomycin (p < 0.01 oligomycin vs. tunicamycin). Ddit3 mRNA expression was significantly induced by antimycin (+2774 AE 323%), sodium azide (+1566 AE 104%), and oligomycin (+1950 AE 203%). Ddit3 mRNA expression was as well induced in rotenone (+918 AE 58%)-treated cultures, however, this differences was statistically not significant. The most pronounced effect on Ddit3 mRNA expression was observed for tunicamycin (+21894 AE 1026%). In contrast to Atf3, Atf4, and Ddit3, inhibition of the respiratory chain did not regulate the expression of the heat-shock protein Grp94. As expected, tunicamycin robustly induced Grp94 mRNA expression in cultured oligodendrocytes (+2006 AE 115%). To test, whether ISR induction is a fast event, OLN93 cells were treated for up to 24 h with sodium azide, RNA isolated, and Ddit3 and Atf3 mRNA expression levels were determined at various time points. Since no difference was observed for Atf3 and Ddit3 mRNA expression levels for early (2 h) and late (24 h) control cultures, values we pooled and statistically compared versus treatment groups. As shown in Fig. 2b , expression levels of Atf3 mRNA were increased as early as 2 h after sodium azide application, peaked at 4 h and thereafter steadily declined till 24 h post application. Ddit3 showed a similar, yet shifted course of expression induction. Expression of Ddit3 mRNA was increased as early as 4 h after sodium azide application, peaked at 12 h and thereafter declined till 24 h post application.
Inhibition of the respiratory chain in cultured oligodendrocytes induces mitochondrial membrane depolarization and oxidative stress To verify that inhibition of the respiratory chain indeed blocks mitochondrial activity, we measured mitochondrial membrane potential (DΨm) after sodium azide treatment, which is critical for maintaining the physiological function of the respiratory chain to generate ATP. As shown in Fig. 3 , numbers of depolarized cells after 1 h sodium azide treatment were significantly higher compared to control cultures.
Next, we verified that inhibition of the respiratory chain results in oxidative stress in cultured oligodendrocytes. To this end, OLN93 cells were treated for 1 h with the different inhibitors, and levels of ROS were quantified via flow cytometry based on the intracellular detection of superoxide radicals. As shown in Fig. 4 , intracellular superoxide radical levels were significantly increased in rotenone (+193 AE 4%), antimycin (+267 AE 7%), sodium azide (+162 AE 11%), and oligomycin (+176 AE 6%) treated cultures. No accumulation of superoxide radical levels was observed in tunicamycin- Comparison of cell viability measurements between control and treated cultures was done using one-way ANOVA with the obtained p-values corrected for multiple testing using the Dunnett's post hoc test. Significant differences with respect to control cultures are indicated by *p < 0.05, **p < 0.01, or ***p < 0.001.
exposed cultures (data not shown). These results suggest that accumulation of intracellular ROS might result in the induction of ISR elements in oligodendrocytes.
Atf3 and Ddit3 is induced in primary oligodendrocytes and an in vivo remyelination model Next, we wanted to know whether Atf3 and Ddit3 induction is an artifact of the applied oligodendrocyte cell line, or relevant for the in vivo situation. To this end, primary rat oligodendrocyte cultures were treated with sodium azide for 24 h and Atf3 and Ddit3 mRNA expression levels were determined by RT rt-PCR. As shown in Fig. 5a , Ddit3 mRNA expression was induced by sodium azide (+309 AE 28%), and to a higher extent by tunicamycin (+1306 AE 115%). A comparable expression induction was observed for Atf3 mRNA (sodium azide +471 AE 56%; tunicamycin +1438 AE 156%). Second, male C57Bl6 mice were intoxicated for 5 weeks with the copper chelator cuprizone (Kipp et al. 2009) , and DDIT3 protein expression was analyzed by immunofluorescence staining. After a 5-week cuprizone intoxication period, early remyelination is ongoing, as shown by several groups (Kipp et al. 2009; Slowik et al. 2015) . In line with previous reports, the midline of the corpus callosum was severely demyelinated after 5 weeks of cuprizone intoxication (see Fig. 5b 
Complex-IV inhibition induces eIF2a-phosphorylation and ATF4 induction
Oxidative stress has been shown to promote eIF2a phosphorylation in different cell lines (Rajesh et al. 2015) . Beyond, an important property of PERK and p-eIF2a is the adaptation of cells to oxidative stress caused by ROS formation in the intracellular environment (Harding et al. 2003; Back et al. 2009 ). In a next step, we, therefore, The following concentrations were used: rotenone (1 lM), antimycin (10 lM), sodium azide (10 mM), oligomycin (10 lM), tunicamycin (50 lg/mL). Comparison of expression levels between control (10 culture wells; one representative experiment) and treated cultures (at least four culture wells; one representative experiment) was done using one-way ANOVA with the obtained p-values corrected for multiple testing using the Dunnett's post hoc test. Significant differences with respect to control cultures are indicated by *p < 0.05, **p < 0.01, or ***p < 0.001. (b) Ddit3 and Atf3 mRNA expression in OLN93 cells, stressed for different periods with the complex-IV inhibitor sodium azide (10 mM; at least three culture wells; one representative experiment). Note the different scaling of the y-axis.
analyzed by western blotting experiments whether the PERK-eIF2a-ATF4 pathway is active in sodium azidetreated oligodendrocyte cultures. As demonstrated in Fig. 6 , PERK phosphorylation was evident in thapsigargin (300 nM) (b), but not in sodium azide-exposed cultures (p = 0.26). In contrast, sodium azide did promote eIF2a phosphorylation (p = 0.027). Furthermore, higher ATF4 protein levels were observed in sodium azide-exposed OLN93 cells.
NRF2-activation induces ISR in oligodendrocytes
To investigate a possible causal relationship between oxidative stress and ISR induction, stable lentiviral-based gene silencing in OliNeu cells was performed to knockdown either Keap1 or Nrf2 expression. We have chosen OliNeu cells rather than OLN93 cells for these experiments because in our hands, a more stable transfection efficiency was obtained with this particular oligodendrocyte cell line. First, we verified efficacy of the applied siRNA protocol. As shown in Fig. 7a , Nrf2 mRNA expression levels were significantly reduced (À63%) in cultures exposed to Nrf2 but not to Keap1 targeting siRNA, respectively. The opposite was true for Keap1 mRNA expression, which was significantly reduced in cultures exposed to Keap1 (À62%), but not to Nrf2 targeting siRNA, respectively. Furthermore, we determined NRF2 protein levels by western blotting experiments. As shown in Fig. 7b , a profound reduction in NRF2 protein levels was observed in cultures exposed to Nrf2, but not to Keap1 targeting siRNA. After having verified sufficient transfection efficacy, we can assume that while in Keap1 , and non-target transfected cells were treated with the complex-IV inhibitor sodium azide (24 h; 1 mM), and the mRNA expression of Atf3 and Ddit3 was analyzed by RT rt-PCR. As expected, Atf3 (+204 AE 15%) and Ddit3 (+177 AE 6%) expression were induced in sodium azide treated non-target transfected cells (Fig. 7c) . The magnitude of Atf3 (p < 0.01) and Ddit3 (p < 0.001) mRNA expression was higher in Keap1 À/À compared to non-target transfected cells. Of note, Atf3 (p < 0.001) and Ddit3 p < 0.001) expression induction was almost absent in Nrf2 À/À versus non-target transfected cells.
Discussion
In this work, we demonstrated that inhibition of the respiratory chain at various levels induces oxidative stress in cultured oligodendrocytes which is paralleled by the expression induction of distinct ISR members, namely Atf3, Atf4, and Ddit3. Atf3 and Ddit3 expression induction is potentiated in Keap1 À/À cells and absent in cells lacking the oxidative stress-related transcription factor NRF2. Even though regulation of the ISR components were not verified on the protein level in this study, our results provide strong evidence that oxidative stress in oligodendrocytes activates an endoplasmic reticulum stress response in a NRF2-dependent manner and, in consequence, might regulate oligodendrocyte degeneration in MS and other neurological disorders. Mitochondria produce ATP (adenosine triphosphate) through the process of respiration and oxidative phosphorylation thereby acting as the primary source of energy in almost all cells. The process of oxidative phosphorylation involves coupling of both redox and phosphorylation reactions in the inner membrane of mitochondria resulting in effective ATP synthesis. During this process, electrons from NADH (nicotinamide adenine dinucleotide) or FADH2 (flavin adenine dinucleotide) are transported Comparison of fluorescence intensity levels between control and treated cultures was done using t-test. Significant differences with respect to control cultures are indicated by *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001. Six wells were included per treatment group.
through the electron transport chain, comprising of complexes I-IV, to create a proton gradient across the inner mitochondrial membrane (Fig. 8) . The consequent movement of protons from the mitochondrial matrix to the intermembrane space creates an electrochemical gradient. This electrochemical gradient consists of a pH gradient (DpH) and an electrical gradient (Dw) that drives the synthesis of ATP from ADP (adenosine diphosphate) through the enzyme ATP synthase (complex-V). As shown in Fig. 3 , treatment of cultures with sodium azide induces a rapid breakdown of the mitochondrial inner transmembrane potential, showing that the applied sodium azide concentration indeed impairs oxidative phosphorylation in OLN93 cells. Interestingly, we observed the same in oligodendrocytes cultured in human liquor (unpublished observation), strongly suggesting that this is not an effect because of the applied culture conditions. Although we have not tested the electrochemical gradient across the mitochondrial membrane in cultures exposed to the other respiratory chain blockers (i.e., rotenone, antimycin, or oligomycin), one should anticipate, based on published work (Kalbacova et al. 2003; Moon et al. 2005; Han et al. 2008) , that all four blockers induce mitochondrial membrane depolarization. Mitochondrial membrane potential changes have been implicated in apoptosis, necrotic cell death, and caspaseindependent cell death processes (Gillissen et al. 2017; Liao et al. 2017) . Depolarization of the inner mitochondrial membrane potential is, thus, a reliable indicator of mitochondrial dysfunction. It is well known that mitochondria are the major sites for generation of ROS in cells. Since the respiratory chain is 'leaky', electrons can escape from the respiratory chain and reduce O 2 , resulting in the generation of superoxide, the primary ROS. As shown in Fig. 4 , the inhibition of the respiratory chain resulted in a robust accumulation of superoxide radicals under the applied culture conditions. How exactly respiratory chain inhibition results in oxidative stress in not known but alpha-ketoglutarate dehydrogenase might be involved in this process. Alpha-ketoglutarate dehydrogenase represents a key Krebs cycle enzyme and is also able to produce ROS (Starkov et al. 2004) . ROS formation by alpha-ketoglutarate dehydrogenase is regulated by the NADH/NAD+ ratio, suggesting that this enzyme could substantially contribute to generation of oxidative stress because of inhibition of the respiratory chain and subsequent NADH accumulation within the mitochondrial matrix. Of note, increased ROS levels were not observed in OLN93 cells stressed by tunicamycin (data not shown), which inhibits protein N-glycosylation, showing that accumulation of ROS is not because of ER stress but rather as a result of mitochondrial deficiency.
ROS accumulation was paralleled by the robust induction of well-known ISR marker genes, namely Atf3, Atf4, and Ddit3. The fact that states of oxidative stress can activate the ISR is not new. For example, it has been shown that under conditions of moderate hypoxia, ROS induce the ISR, thereby promoting energy and redox homeostasis and enhancing cellular survival of mouse embryonic fibroblasts . Comparably, exposure of human diploid fibroblasts or HeLa cells to hypoxia led to phosphorylation of eIF2a and ATF4 induction in a PERK-dependent manner (Koumenis et al. 2002; Blais et al. 2004) . Increase in Ddit3 expression during experimental hypoxia has as well been reported to occur, for example, in mouse islets cells (Bensellam et al. 2016) and cardiomyocytes (Gao et al. 2016) . This is, however, to the best of our knowledge, the first report showing ISR induction caused by 'chemical hypoxia', and linking this induction to the KEAP1/NRF2 pathway. Since NRF2 is a direct PERK substrate, and NRF2 nuclear translocation is independent of eIF2a phosphorylation (Cullinan et al. 2003) , future studies have to show whether NRF2 directly regulates Atf3, At4, and Ddit3 expression. Indeed, it has been suggested that PERK signaling, via activation of the NRF2 and ATF4 transcription factors, coordinates the convergence of ER stress with oxidative stress signaling (Cullinan and Diehl 2006) . Furthermore, it has been show that NRF2 transcriptionally up-regulates Atf3 expression in astrocytes (Kim et al. 2010) .
During hypoxia, there is an elevation in reducing equivalents (mostly NADH and FADH2) that build up, particularly in the mitochondria, when insufficient O 2 is available for reduction by the electron transport chain. This buildup of reducing equivalents also makes electrons more available for and phosphorylated eIF2a (p-eIF2a) levels were semiquantified relative to entire PERK or eIF2a-levels, respectively. ATF4, non-phosphorylated PERK, and non-phosphorylated eIF2a protein levels were semi-quantified relative to ß-tubulin concentrations. The ratio of phosphorylated eIF2a/PERK relative to total eIF2a/PERK was determined by densitometry and was set to 100 in untreated cells. Comparison of protein expression levels between different groups was done using t-test. Significant differences with respect to control cultures are indicated by *p < 0.05, **p < 0.01, or ***p < 0.001. Note the absence of PERK phosphorylation, but presence of eIF2a phosphorylation, paralleled by increased ATF4 protein levels in sodium azide-exposed cultures.
reduction reactions such as the reduction of O 2 to superoxide. By this mechanism, tissue hypoxia might lead to ROS accumulation and in consequence ISR induction. ROS accumulation can as well be caused by 'chemical hypoxia' which results from poisoning of the electron transport system as done in this study. Both, chemical hypoxia and tissue hypoxia, lead to elevations in reducing equivalents but in chemical hypoxia, sufficient O 2 is presumably always available for reduction, whereas in tissue hypoxia, as one approaches anoxia, oxygen availability can become a critical substrate for production of ROS. Thus, chemical hypoxia might result in higher ROS levels compared to tissue hypoxia and thus be very potent in ISR induction. In this context, the term 'virtual hypoxia' is of particular interest (Trapp and Stys 2009) . Pathological studies using MS tissues have implicated reactive oxygen and nitrogen species in lesion formation and have suggested that such agents may impair mitochondrial metabolism, resulting in a tissue energy deficiency (AboulEnein and Lassmann 2005). Thus, virtual hypoxia might induce massive ROS accumulation and in consequence ISR activation in MS tissues. Notably, ER stress markers are expressed in inflammatory MS lesions (Mhaille et al. 2008; Cunnea et al. 2011) , in experimental autoimmune encephalomyelitis (Lin et al. 2007 ) and the cuprizone model (Goldberg et al. 2013) , both preclinical animal models for MS.
One of the factors induced by mitochondrial chain inhibition is the transcription factor DDIT3 which is classically regarded pro-apoptotic. Studies using Ddit3 À/À mice have established the role of DDIT3 during stress- Comparison of gene expression levels between different groups (four culture wells; one independent experiment) was done using Welch's t-test. Significant differences with respect to control cultures are indicated by *p < 0.05, **p < 0.01, or ***p < 0.001. (b) Representative western blot to demonstrate reduction in NRF2 protein levels in transfected OliNeu cells. ß-ACTIN levels were used as internal loading control. (c) Ddit3 and Atf3 mRNA expression levels after treatment with the complex-IV inhibitor sodium azide (24 h; 1 mM) in the murine oligodendrocyte cell line OliNeu, in which Nrf2 or Keap1 gene expression was silenced by lentiviral shRNA delivery. Comparison of gene expression levels between different groups (12 culture wells; two independent experiments) was done using t-test. Significant differences with respect to control cultures are indicated by *p < 0.05, **p < 0.01, or ***p < 0.001. Abbreviations: NT (non -target), SA (sodium azide).
induced apoptosis in a number of disease models including renal dysfunction (Zinszner et al. 1998) , diabetes (Song et al. 2008) , ethanol-induced hepatocyte injury (Ji et al. 2005) , experimental colitis (Namba et al. 2009 ), advanced atherosclerosis (Thorp et al. 2009) , and cardiac-pressure overload (Fu et al. 2010) . Furthermore, there is strong evidence that DDIT3 regulates cell death in neurodegenerative and neuroinflammatory disorders including Parkinson's disease (Silva et al. 2005) , subarachnoid hemorrhage (He et al. 2012 ), Alzheimer's disease (Prasanthi et al. 2011) , multiple system atrophy (Makioka et al. 2010) , and spinal cord injury (Ohri et al. 2011) . However, the relevance of DDIT3 for survival of myelinating cells (i.e., oligodendrocytes and Schwann cells) is controversially discussed. On one hand, deleting the Ddit3 gene in a model for Pelizaeus-Merzbacher disease reduces lifespan and increases cell death indicating that DDIT3 or its targets are adaptive and act as pro-survival factors (Southwood et al. 2002) . On the other hand, ablation of Ddit3 in a model for Charcot-Marie-Tooth disease type 1B completely rescues motor deficits and ameliorates active demyelination (D'Antonio et al. 2013) indicating that in Schwann cells, DDIT3 is indeed pro-apoptotic. In experimental autoimmune encephalomyelitis, one of the most commonly used MS animal models, the role of DDIT3 appears to be redundant (Deslauriers et al. 2011) . These contrasting results suggest that the role of DDIT3 in myelinating cells is strongly context dependent. While we have not investigated whether DDIT3 induction regulates oligodendrocyte injury in this in vitro model, a recent study from our group showed that metabolic oligodendrocyte degeneration in a MS animal model is paralleled by Fig. 8 Chemical hypoxia -mode of action. Chemical hypoxia induces loss of mitochondrial membrane potential (DΨm) (a). 'Leaky' electrons can escape from the respiratory chain and reduce O 2 , resulting in the generation of superoxide, the primary ROS (b). As a consequence, NRF2 is released from KEAP1 and translocates into the nucleus where it binds to the antioxidant response element (ARE), thereby activating the transcription of Atf3 and Ddit3 (C).
oxidative injury, and that hyperactivation of the NRF2/ARE system (via Keap1 knockdown) ameliorates oligodendrocyte degeneration and in consequence demyelination (Draheim et al. 2016) . In the very same model, stressed oligodendrocytes clearly demonstrate ISR activation (Goldberg et al. 2013) . It would now be interesting to show whether Ddit3 À/À mice (Zinszner et al. 1998 ) are protected from cuprizoneinduced oligodendrocyte apoptosis.
In summary, this study provides strong evidence that oxidative stress in oligodendrocytes activates an ISR and in consequence might regulate oligodendrocyte degeneration in MS and other neurological disorders.
